Photosynthetic bacteria contain several classes of c-type cytochromes, of which cytochrome c2, with a midpoint potential (at pH 7) of +311 mV, and cytochrome c' (formerly cc', see reference 15) , with a midpoint potential of -17 mV, have been studied most extensively (3, 7, (12) (13) (14) . Until relatively recently, there was no evidence that photosynthetic bacteria also contain c-type cytochromes with very low midpoint redox potentials (ca. -200 mV), similar to those of the C3 cytochrome that was isolated from the nonphotosynthetic sulfate-reducing bacterium Desulfovibrio desulfuricans by Postgate (21) and was considered for a time to be unique to that genus.
Investigations of the presence of low-potential c-type cytochromes in photosynthetic bacteria began with the isolation by Olson and Shaw (19) of a soluble c-551.5 cytochrome from the green photosynthetic bacterium Chloropseudomonas ethylica, strain 2-K. Subsequently, Meyer et al. (17) isolated and extensively characterized this protein and concluded that it is a C3 cytochrome with a midpoint redox potential of -194 mV. Meyer et al. (17) have also isolated soluble C3 cytochromes from two purple photosynthetic bacteria, Rhodopseudomonas sphaeroides and Rhodopseudomonas palustris.
Interest in the occurrence and possible role of low-potential c-type cytochromes in photosynthetic bacteria was greatly diminished when Gray et al. (8, 9) found that the Chloropseudomonas ethylica strain 2-K cultures were syntrophic mixtures of the photosynthetic green sulfur bacterium Chlorobium limicola and a colorless, sulfate-reducing bacterium. Gray et al. (8) suggested that the low-potential C3 cytochrome attributed to the green photosynthetic bacterium came in fact from the colorless sulfate-reducing species. Gray et al. (8) further suggested that low-potential c-type cytochromes are not to be found in pure cultures of any green photosynthetic bacteria and questioned whether the C3 cytochromes observed by Meyer et al. (17) in the purple bacteria might have likewise come from an unrecognized sulfate-reducing syntrophe. In any case, Meyer et al. (17) themselves considered cytochrome c3 to have a restricted distribution and a dubious function among photosynthetic bacteria; they found it in two species of purple bacteria but not in the widely investigated purple nonsulfur bacterium Rhodospirillum rubrum and the purple sulfur bacterium Chromatium vinosum.
Our interest in low-potential c-type cytochromes was aroused by a finding that such cytochromes are present in procaryotic photosynthetic membranes. A soluble low-potential cytochrome c-549 with a midpoint potential (at pH 7) of -260 mV was isolated some years ago by Holton and Myers (10, 11) from the cyanobacterium Anacystis nidulans. More recently, work in this laboratory led to the detection of a membrane-bound cytochrome c-549 in another blue-green alga (cyanobacterium), Nostoc muscorum, strain 7119; when solubilized from membrane fragments, this cytochrome was found to have a midpoint potential of about -300 mV (K. Ando and D. I. Arnon, unpublished data).
The present investigation was undertaken to determine if the purple photosynthetic bacteria also contain membrane-bound, low-potential ctype cytochromes, particularly the species in which no soluble low-potential c-type cytochromes were previously detected. We now report the detection of membrane-bound, low-potential c-type cytochromes in the chromatophores of C. vinosum, R. rubrum, and R. sphaeroides. The solubilization, purification, and characterization of the membrane-bound, lowpotential c-type cytochrome from R. rubrum are described in detail.
MATERIALS AND METHODS
Culture of cells and preparation of chromatophores. The wild-type (S-1) and blue-green (carotenoidless) mutant (G-9) strains of R. rubrum were grown photosynthetically as described previously (4, 23). The wild-type cells of R. rubrum were also grown aerobically in the dark in Fernbach flasks on the same medium at half-strength, supplemented with yeast extract (2.0 g/liter) and peptone (1.5 g/liter) (Difco Laboratories, Detroit, Mich.). R. sphaeroides was grown on the medium used for R. rubrum except that 0.2% yeast extract was added. C. vinosum was grown as described by Arnon et al. (2) . Chromatophores from all the photosynthetically grown cells and the corresponding membrane fragments from cells grown aerobically in the dark were prepared by the same procedures (23).
Analytical methods. Bacteriochlorophyll was estimated by the method of Clayton (5). Protein was determined by a modification of the Folin-phenol method (22) . The molecular weight of the low-potential R. rubrum cytochrome c was determined by the gel filtration technique (1) and by sodium dodecyl sulfate (SDS)-gel electrophoresis (18) . The heme type of the solubilized R. rubrum cytochrome c was identified by the absorption spectrum of the alkaline-pyridine hemochrome as described by Bartsch (3).
RESULTS
Detection of a membrane-bound, low-potential c-type cytochrome component in C. vinosunL Chromatium cells are known to contain several c-type cytochromes, of which the two with the lower redox potential, cytochrome c' (Em = -5 mV) and the flavin-containing cytochrome, c-552 (Em = +10 mV) are readily extractable; the particle-bound cytochrome, c-553, with a midpoint potential of +330 mV, is extractable only with difficulty (7, 12) . As already stated, Meyer et al. (17) ruled out the presence of a low-potential c-type cytochrome in the supernatant fraction of disrupted Chromatium cells. We undertook, therefore, to test for such a component in the chromatophore fraction.
To 1 liter of washed Chromatium chromatophores (equivalent to 1.0 g of bacteriochlorophyll), suspended in 50 mM tris(hydroxymethyl)aminomethane (Tris) -hydrochloride buffer (pH 8.0), was added with stirring the nonionic detergent Triton X-100 (70 mg/mg of bacteriochlorophyll). The mixture was incubated at 40C for 3 h under argon and centrifuged at 78,000 x g for 3 h. The pellet was discarded and the light-red supematant fluid was diluted (1:1) with 20 mM Tris-hydrochloride buffer (pH 8.0) and adsorbed on a diethylaminoethyl (DEAE)-cellulose column (5 by 20 cm).
The material adsorbed on the column was washed with buffer (20 mM Tris-hydrochloride, pH 8.0) containing 100 mM NaCl. A fraction containing cytochromes was eluted from the column with the same buffer (containing 800 mM NaCl) and centrifuged at 50,000 x g for 10 min; the supernatant fluid was used in a reductive titration with dithionite.
The titration covered a potential span from about +150 mV to -300 mV (Fig. 1) . Absorbance increases at 551 nm minus 570 nm were monitored to indicate reduction of c-type cytochromes. (Dithionite minus ascorbate difference spectra indicated that this fraction was free of measurable b-type cytochromes.). The major cytochrome c component extracted from the chromatophores had a midpoint potential at about +21 mV and was probably cytochrome c-552. In addition, however, the titration disclosed the presence of a second, low-potential c-type cytochrome component, with a midpoint potential of -216 mV (Fig. 1) .
Assuming no redox potential changes caused by extraction with Triton X-100, it appears that Chromatium has a bound c-type cytochrome component with a low redox potential similar to that of the soluble cytochrome C3 of R. sphaeroides (Em = -254 mV; reference 17). The presence of a bound low-potential c-type cytochrome in one species of purple bacteria raised the question of whether such cytochromes may also be bound in chromatophores of other species, including R. sphaeroides, from which only soluble cytochrome C3 has been isolated (17) .
Detection of a membrane-bound, low-potential c-type cytochrome component in R. 8phaeroide8. R. sphaeroides chromatophores were washed free of soluble and loosely bound components and examined for bound, low-potential c-type cytochromes by absorbance difference spectra. Potentiometric titration of the c-type cytochromes solubilized from C. vinosum chromatophores by Triton X-100. Cytochrome reduction was followed by absorbance changes at 551 nm minus 570 nm. The values were corrected for absorbance changes caused by the mediator dyes alone, as measured in aparallel titration. The titration mixture (5 ml) included 4 ml of the Chromatium extract (see text) containing cytochromes, 20 mM Tris-hydrochloride buffer (pH 8.0), 50 M 2-hydroxy-1,4-naphthoquinone, and 10 pM anthraquinone-2-sulfonate. A stream of argon gas was passed continuously over the titration mixture. Sodium dithionite (30 mM) was used for the reductive titration.
nus ascorbate difference spectrum of washed R. sphaeroides chromatophores in which cytochromes with potentials more electronegative than that of ascorbate (Em = +60 mV) are apparent. The main feature of the difference spectrum in Fig. 2 Detection of a membrane-bound, low-potential c-type cytochrome component in R. rubrum Our search for bound, low-potential ctype cytochromes in R. rubrum began with preparations from cells that have lower concentrations of carotenoid pigments than do the photosynthetically grown wild-type cells. These preparations included chromatophores from the photosynthetically grown blue-green mutant of R. rubrum and membrane fragments from wildtype R. rubrum cells, grown in air heterotrophically in the dark. Figure 3A shows a dithionite minus ascorbate difference spectrum of chromatophores from the blue-green mutant of R. rubrum. This difference spectrum, unlike that for R. sphaeroides chromatophores in Fig. 2 , does not show the shoulder near 550 un that is indicative of a low-potential c-type cytochrome. The broad symmetrical peak centered at 560 nm is characteristic of b-type cytochromes. This dithionite minus ascorbate difference spectrum is similar to that obtained earlier for chromatophores from this mutant by Kakuno et al. (13) .
Membrane fragments from the wild-type strain of R. rubrum grown aerobically in the dark were examined next. Again, the dithionite minus ascorbate difference spectrum (Fig. 3B ) exhibited a symmetrical peak around 560 un indicative of cytochrome b but no absorption features around 550 unm to suggest the presence of a low-potential c-type cytochrome.
In contrast to these spectra, the dithionite minus ascorbate difference spectrum of chro- wild-type R. rubrum cells had, aside from the broad peak around 560 nm, a distinct shoulder near 550 nm (Fig. 4) . The shoulder became more pronounced on longer exposure of the chromatophores to dithionite (middle trace, Fig. 4) . Thus, R. rubrum chromatophores, like those of R. sphaeroides, appeared to contain a bound, low-potential c-type cytochrome. We next undertook to isolate this component.
Isolation and purification of a bound, low-potential c-type cytochrome from R. rubrum chromatophores. The isolation procedure included: (i) disruption of chromatophores with the detergent Triton X-100; (ii) adsorption and chromatography on DEAE-cellulose; and (iii) gel filtration chromatography. Steps (i) and (ii) were the same as described earlier for C. vinosum. After the centrifugation in step (ii), the eluate from the DEAE-cellulose column was concentrated on an Aminco Diaflo apparatus equipped with a UM-10 membrane. Gel filtration on the concentrated material over a Bio-Gel A1.5m column (2.5 by 15 cm) separated residual membrane fragments from the solubilized protein fraction. Deoxyribonuclease (1 mg/ml) was added to the protein fraction at this point to degrade polynucleotides.
The protein fraction was then adsorbed on a DEAE-cellulose column (2 by 40 cm) and eluted by a salt gradient (see legend to Fig. 5 ). The eluted fractions were analyzed for total protein and heme content. The low-potential c-type cytochrome was localized in the fractions that gave the first of the two heme bands (Fig. 5) .
In the final purification step, the fractions containing the low-potential c-type cytochrome were combined and concentrated in the Diaflo apparatus, and the concentrated material was chromatographed on Sephadex G-75 (details of chromatography were as described in the legend to Fig. 8) . After Sephadex chromatography, the cytochrome preparation was subjected to SDSpolyacrylamide gel electrophoresis, and the major polypeptide band, assumed to be the lowpotential cytochrome, was used for determination of molecular weight (see Fig. 9 ).
After Sephadex chromatography, the A278-A4wo absorbance ratio was about 0.5. No further purification was attempted because at this stage of purity the cytochrome was found to be urstable. This instability limited the extent to which the solubilized and partly purified cytochrome could be characterized. Added bovine serum albumin enhanced the stability of the solubilized cytochrome but, as discussed below, did not prevent denaturation altogether. With bovine serum albumin added, the cytochrome was relatively more stable when stored in a concentrated form at -20°C under argon.
Absorption spectra. The c-type character of the solubilized cytochrome was confirmed by its alkaline pyridine ferrohemochrome spectrum. The heme was insoluble in acidic acetone and the reduced minus oxidized alkaline pyridine hemochrome difference spectrum had an a peak at 550.5 nm. Figure 6 shows the absorption spectrum of the solubilized cytochrome in its reduced and oxidized forms. In the reduced form, the a, fi, and y peaks were, respectively, 552, 523, and 418 nm. The oxidized form exhibited a peak at 409 nm. The inset of Fig. 6 shows the dithionite minus ascorbate difference spectrum, with an a peak at 552 nm and the ,B peak at 523 nm.
The absorption peaks at 552, 523, and 418 nm of the reduced form of the solubilized cytochrome from R. rubrum were similar to the corresponding absorption peaks, 551.5, 523, and 419.1 nm, found by Meyer et al. (17) for the soluble cytochrome C3 from R. sphaeroides and R. palustris. The main difference between the spectral characteristics of the cytochrome solubilized from R. rubrum membranes and those of the soluble C3 cytochromes was in the ratio of chromes described by Meyer et al. (17) , the AMd-A,. ratio was 1.5 to 1.6. The observed A.A,1O ratio for the solubilized R. rubrum cytochrome was much lower (Fig. 6) . However, this seemingly low ratio is attributed to the instability of the solubilized R. rubrum cytochrome. This ratio varied from determination to determination; a decrease of the A)red peak was observed with time.
Oxidation-reduction potential. The midpoint redox potential of the solubilized R. rubrum cytochrome c-552 was measured spectro- by monitoring the absorbance changes in the a band (As2 minus As0) during both reductive and oxidative titrations. The midpoint potential of the solubilized cytochrome c-552 is similar to that of the other low-potential c-type cytochromes, for which Meyer et al. (17) proposed a class designation of cytochrome C3, regardless of protein size or heme content. This designation would seem appropriate for the low-potential R. rubrum cytochrome if it were not for the spectral differences noted above. Until these are resolved, this protein will be referred to as R. rubrum low-potential cytochrome c-552.
Molecular weight. The two methods used to estimate the molecular weight of the solubilized cytochrome c-552, gel filtration and SDS-polyacrylamide gel electrophoresis, gave similar values. The molecular weight, as estimated by the gel filtration method, was approximately 16,700 (Fig. 8) . The SDS-polyacrylamide gel electrophoresis method indicated that cytochrome c-552 consists of a single polypeptide chain of approximately 17,200 daltons (Fig. 9) . The average value of about 17,000 for R. rubrum cytochrome c-552 is similar to the 16,000 and 21,000 molecular weights assigned by Meyer et al. (17) to cytochrome C3 from R. palustris and R. sphaeroides, respectively.
DISCUSSION
The absorption spectrum of low-potential cytochrome c-552 solubilized from the chromatophore membranes of R. rubrum is similar to those of the soluble cytochromes c-551.5 (C3) described by Meyer et al. (17) . Such differences in spectral features that were observed may have resulted from the instability of the solubilized R. rubrum cytochrome. If these low-potential cytochromes are indeed the same, it would appear that they are present in all purple photosynthetic bacteria, of both the sulfur and nonsulfur types, but that in some of these cells (e.g., R. sphaeroides) they are in part soluble and in part membrane-bound and in others, such as R. rubrum, they are wholly membrane-bound.
There is no evidence for the occurrence of low-potential c-type cytochromes in green sulfur bacteria. Like Meyer et al. (17), we found no soluble low-potential cytochrome c in C. limicola (formerly C. thiosulfatophilum). Neither did we find a low-potential cytochrome c in the chromatophores of that organism. As already discussed, the earlier reports of a low-potential cytochrome c from a green sulfur bacterium (C. ethylica) are now explained by syntrophic pres- The presence of a low-pot chrome in both sulfur and no: teria is consistent with the hy two groups ofphotosynthetic related in an evolutionary sen of this cytochrome in green s be a reflection of a more di connection (7) and the fact t carriers in green sulfur bacd about 100 mV more negative than are the comparable electron carriers in purple bacteria (16) .
Current concepts of electron transport of purple bacteria (7, 20) do not accommodate c-type cytochromes with strongly electronegative redox potentials. However, purple bacteria contain low-potential ferredoxins; for example, R. rubrum has four different ferredoxins, two soluble (ferredoxins I and II) and two membrane-bound, with midpoint potentials within the range of -340 to -430 mV (23, 24) . The role of these ferredoxins in electron transport is still under investigation. It is possible that, as in the case of cytochrome C3 of Desulfovibrio (6), the low-potential c-type cytochromes of purple bacteria will be found to function as electron carriers in conjunction with one or more of the low-potential ferredoxins.
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